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1.0 INTRODUCTION

One of the better methods of distinguishing different types of radar

targets is spectral analysis of the backscattered signal. Generally, each

type of target contributes a distinct, characteristic spectral component to

the total spectrum. The nature of this spectral component is determined by

the nature of the line-of-sight target velocity, k-Z/k, through the expression

Af- -2fk-v/kc (1.1)

where f is the f requency of the radar and c - 3 x 108 m/s is the velocity of

light.

For discrete targets, such as aircraft, the characteristic spectral

component would be a line spectrum. If an aircraft were to fly at a constant

velocity with respect to the radar beam, this spectrum would remain constant

with time; whereas if it were to change speed or direction the spectral line

would change according to (1.1).

A second category of targets is comprised of scattering centers that

are distributed in space. It includes ground clutter, sea scatter, rain and

ionospheric clutter. Each of these scatterers displays different spectral

properties ranging from ground clutter which has line spectra at zero Doppler

shift to ionospheric clutter which has spectral widths and displacements char-

acteristic of the acoustic velocity. Although any individual element of a

distributed target may scatter considerably less incident power than a dis-

crete target, the composite scattered power from a distributed target may be

appreciably greater than the power scattered from a discrete target. Under

this circumstance, ways must be sought to reduce the detrimental effects of

the distributed clutter.

Present Over-the-Horizon (0TH) radars represent one case where

clutter signals from a variety of distributed sources severely affect radar

operation. For these radars transmitted signals typically are emitted sim-

ultaneously over an extended range of elevation angles. Since the radars

operate at frequencies for which the signals follow rather complex propagation



paths, signals returning to the receiving antenna at any particular instant

may have been scattered from a number of different altitudes and ranges.

Moreover, they may have been scattered by a variety of targets.

Spectral analysis will enable one to eliminate many of the undesired

targets from the backscattered signal. For example, ground clutter and sea

scatter will have low or zero Doppler frequencies, whereas aircraft signals

will have Doppler shifts characteristic of the speed of sound. Unfortunately,

clutter from ionospheric irregularities may also have Doppler properties char-

acteristic of the acoustic speed. Hence, this type of clutter may seriously

degrade the performance of an 0TH radar.

In this report we examine the Doppler spectral properties associated

with ionospheric irregularities in the high latitude E and F-regions. Al-

though only limited information exists on the spectral properties of back-

scatter from F-region irregularities, it appears that one can assume both E

and F region irregularities to have spectral properties characterized by a

convective drift velocity. This velocity is given by

d -Ex ~B2_ _-V0 xB/B 
2

where B is the Earth's magnetic field strength and 0 is the electrostatic

potential at any point in the high latitude ionosphere.

On the basis of the convective drift hypothesis and an assumed

electrostatic potential distribution, we have modeled the probable Doppler

shift and Doppler width that one would observe at any observing latitude and

viewing direction as a function of local time. The results indicate that

irregularity spectra may often mask discrete spectra associated with air-

craft. For an 0TH radar directed in a northwesterly direction from Maine, the

disturbance effect of ionospheric irregularities would be particularly

bothersome during the afternoon and evening hours.

Finally, w- have sought ways in which the disturbance effect of

irregularity spectra might be minimized or eliminated. We propose what we

believe to be a novel approach that will eliminate the spread Doppler spectra

t. associated with ionospheric irregularities while retaining discrete spectral

components associated with aircraft.
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2.0 E-REGION IRREGULARITIES

2.1 Observations

E-region irregularities produced in the currents-carrying regions of

the Earth's ionosphere are perhaps the best understood of all iunospheric ir-

regularity structures. Basically, they are produced in the altitude range from

90-120 km as a result of streaming between collisionless electrons drifting

under the E x B/B2 force and ions that are collisionally bound to the neutral

atmosphere. This relative motion leads to the equatorial and high latitude

horizontal current systems and is an important factor in the generation of the

irregularities.

Figure 2.1 shows the regions above the Earth where one might expect

to observe these irregularities. One sees that they are observed in a lati-

tudinal strip of 6*-8* width at the magnetic dip equator and over both polar

caps north of 60° geomagnetic latitude. Thus they occur over 50% of the

Earth's surface.

Doppler spectral measurements of E-region irregularities have been

made for more than 20 years. In general the results have varied depending on

whether the observations were made at the equator or at high latitudes and on

the frequency of the radar. We will concentrate our attention on high lati-

tude VHF measurements made during the last eleven years when more sophisti-

cated spectral techniques were available. The measurements were made in two

basic modes: (1) bistatic continuous wave (CW) measurements conducted in

Canada and Scandinavia, and (2) pulsed monostatic measurements made in

Alaska. CW measurements are the most amenable to spectral analysis; however,

they suffer the disadvantage that the viewing area defined by the intersection

of the transmitting and receiving antenna patterns can be quite large. Thus,

the backscatter spectra may be comprised of simultaneous signals from several

different regions with differing phase velocity characteristics.

Pulse radars largely avoid the spatial aliasing problem by utilizing

the range resolution of the transmitted rf pulse as well as the antenna beam-

width to achieve superior spatial resolution. However, care must be taken to

assure that the pulse repetition frequency is sufficiently high for the re-

sulting spectra to be unaliased. Studies at high latitudes with VHF radars
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have indicated that the prerequisite pulse repetition frequency is often so

high that one would still have to superimpose signals from two or more

different spatial regions (see e.g., Balsley and Ecklund, 1972; Greenwald et

al., 1975).

Since VHF radar studies have been made at many different frequen-

cies, giving the observed Doppler characteristics in terms of frequency shift

and spread may lead to a great deal of confusion. Therefore we interpret the

observations in terms of velocity characteristics. In this way, one can re-

cover the probable frequency characteristics at any wavelength simply by

applying (1.1).

2.1.1 CW Measurements

CW measurements have been reported by Hofstee and Forsyth (1969,

1972), Czechowsky (1974), and Haldoupis and Sofko (1976). Hofstee and Forsyth

(1969) conducted measurements near 40 MHz with a system that had an effective

line-of-sight directed within 200 cf magnetic north. They observed broad

spectra with low Doppler shifts during the afternoon and evening hours and

occasional line spectra near midnight. The broad spectra were typically

shifted by less than 75 m/s and had a Doppler width of 200 m/s. The line

spectra had shifts in the vicinity of 360 m/s and typical widths of 75 m/s.

Czechowsky (1974) also described measurements made within 20* of

magnetic north. He reported two examples obtained near 146 MHz in which the

Doppler shift maximized near local magnetic midnight with values of 300-400

m/s directed equatorward. During the post-midnight period, Czechowsky (1974)

observed Doppler velocities of less than 100 m/s. Finally, Czechowsky (1974)

presented several examples of multi-peaked Doppler spectra obtained near local

magnetic midnight. He attributed the multiple peaks to the presence of

different types of plasma instabilities; however, this result may also have

been due to spatial structure within the large scattering volume that was

associated with his bi-static system.

Haldoupis and Sofko (1976) presented spectral data from a 42 MHz

radar system that was directed 4* west of geomagnetic north. Their obser-

vations were confined to the time frame extending from 3 hours before local

magnetic midnight to 5 hours after local magnetic midnight. These authors

-5-



found that they could divide their observations into two basic categories

which they referred to as diffuse and discrete spectra. This classification

is similar to that used in pulsed radar spectral observations (e.g., Balsley

and Ecklund, 1972).

Diffuse spectra constituted 75% of the observed cases reported by

Haldoupis and Sofko (1976). These spectra exhibited a Doppler velocity that

was dependent on local time and varied from 360 m/s equatorward to 180 m/s

polewards. Typically the large equatorward Doppler velocities occurred prior

to local magnetic midnight, while the smaller poleward velocities were ob-

served later in the morning hours. The Doppler width of diffuse spectra

generally ranged from 150-430 m/s. It appeared to vary inversely with the

line-of-sight Doppler velocity with the smallest Doppler velocities corre-

sponding to the largest Doppler widths. These were generally observed well

into the morning period.

Discrete spectra were defined as spectra with a mean equatorward

Doppler velocity varying from 210-460 m/s and a Doppler width of less than 150

m/s. This type of spectrum was observed before and up to one hour after local

magnetic midnight and it constituted 25% of the observations of Haldoupis and

Sofko (1976). Discrete spectra appeared to be associated with discrete radar

aurora (Unwin, 1966) which are noted for their short-lived (1-10 minute)

nature.

The maximum line-of-sight Doppler velocity reported by Haldoupis and

Sofko (1976) was 1100 m/s.

2.1.2 Pulsed Radar Measurements

Modern VHF spectral studies with pulsed radars have been reported by

Balsley and Ecklund (1972), Balsley et al., (1973), Greenwald et al. (1975),

Ecklund et al. (1975), Greenwald and Ecklund (1975), and Ecklund et al.

(1977).

Balsley and Ecklund (1972) reported observations at 50 MHz at angles

of 380 west, 13° west, and 12° east of geomagnetic north. Seventy percent of

their observations were of diffuse radar auroral while the remaining echoes

(30%) were of the discrete type. They were generally unable to determine the

line-of-sight Doppler velocity of the diffuse echoes because of spectral

-6-
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aliasing; however, they were able to conclude that these echoes often had a

Doppler width in excess of 800 m/s. The discrete spectra that they observed

were divided into two sub-categories: 10% of the total observations exhibited

narrow spectral widths and mean Doppler velocities ranging from 300-600 m/s

and 20% exhibited Doppler velocities less than the ion acoustic velocity and

Doppler widths in excess of the mean Doppler shift.

Using multiple antennas, Balsley and Ecklund (1972) were able to

obtain some crude azimuth scans. They found that the observed echo Doppler

variation was consistent with the expected electron drift motion in the

morning sector.

Balsley et al. (1973) reported spectral observations of radar echoes

located on the equatorward edge of an auroral form that was extended in longi-

tude. The observations were consistent with the hypothesis that the irregu-

larities were driven by westward drifting electrons on the equatorward edge of

the form. When the radar beam was most aligned with the form, the line-of-

sight Doppler velocity reached 360 m/s and the spectrum was appreciably

narrower than at other times.

Greenwald et al. (1975) presented extensive spectral observations of

diffuse radar aurora as determined with a 50 MHz radar located in Anchorage,

Alaska. Their radar beam was directed 130 west of geomagnetic north. They

found that these spectra could be divided into two categories: one having a

Doppler width that was typically less than 450 m/s ("narrow" component) and

the other having a Doppler width ranging from 600-1200 m/s ("broad" compo-

nent). Both components exhibited line-of-sight velocities that were typically

less than 180 m/s. In the period around local magnetic midnight, Greenwald et

al. (1975) also observed spectra associated with discrete radar aurora. These

spectra exhibited Doppler velocities in the vicinity of 400 m/s.

Other topics considered by Greenwald et al. (1975) were the depen-

dence of the diffuse spectra on aspect angle and the angle between the radar

wave vector and the electron drift velocity (0). They found no evidence of

any aspect angle dependence in the characteristics of diffuse spectra and

-7-
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little evidence that the spectra changed other than in mean Doppler shift as

the angle 0 was varied from 600 to 103. Ecklund et al. (1975) have presented

a more in-depth study of the 0-dependence.

Recently, a number of studies have been conducted in which double-

pulse mean Doppler techniques have been used (Greenwald and Ecklund, 1975;

Greenwald et al. 1978; and Unwin and Cummack, 1979). Thus far, this approach

has not been used to study Doppler widths; however, all of the above authors

have observed Doppler velocities of the order of 2000 m/s.

Finally, measurements by Ecklund et al. (1977) and Cahill et al.

(1978) have indicated that high latitude electrojet irregularities at VHF

wavelengths convect with the E-region electron drift velocity. Since this

velocity often ranges from 1000-2000 m/s, one should expect to observe equally

large Doppler velocities with ground-based auroral radar systems.

2.2 THEORY

2.2.1 Linear Theory

The initial theoretical studies into the nature of E-region

irregularities were conducted by Buneman (1963), Farley (1963) and Knox

(1964). The former two studies predicted that the E-region plasma becomes

unstable to ion acoustic waves when the streaming velocity exceeds the ion

acoustic velocity. This instability has become known as the cross-field two-

stream, or Farley-Buneman instability. The unstable modes or irregularities,

as they are often called, propagate approximately perpendicular to the mag-

netic field with a phase velocity that is determined by the electron drift

velocity.

Maeda et al. (1963) and Knox (1964) have shown that an ambient elec-

tron density gradient in the direction of the ambient ionospheric electric

field will also lead to instability of the plasma. This instability also

occurs in regions of relative electron-ion drift and it has become known as

the gradient-drift instability. It may be excited when the relative drift

velocity is significantly less than the ion acoustic velocity and it is most

effective in exciting long wavelength irregularities of the order of lOOm. As

-8-



in the case of the two-stream instability, the unstable modes are largely

confined to the plane perpendicular to the ambient magnetic field and the

irregularity phase velocity is determined by the electron drift velocity.

Both of these instability mechanisms were proposed to explain ob-

servations of field-aligned irregularities in the equatorial electrojet and

later adapted to explain radar aurora in the high latitude ionosphere. In

time it became apparent that both mechanisms were operative and that it was

possible to combine their effects into a single set of dispersion relations.

This was the approach adopted by Rogister and D'Angelo (1970) and later by

Sudan et al. (1973). In this report, we follow closely the development of

Sudan et al. (1973).

For simplicity, we will assume that the plasma can be treated ade-

quately by fluid equations for both electrons and ions. This assumption is

quite valid when considering irregularity wavelengths that would be probed

with HF radars. We also assume:

1) ai < < Vi where a and vi are the ion gyrofrequency and col-

lision frequency with neutrals, respectively,

2) electron gyroradius << 27r/k where k is the unstable mode wave

number,

3) the waves are electrostatic,

4) macroscopic charge neutrality,

5) isothermal distribution functions for the electrons and ions,

6) the unstable modes propagate perpendicular to the magnetic field

(Farley (1963) has shown that the off-perpendicular modes are

strongly damped. More recently, Ossakow et al. (1975) and Wang

and Tsunoda (1975) have shown that, if the streaming velocity is

much greater than the ion acoustic velocity, off-perpendicular

modes may grow and be more unstable than k L B modes) and,

7) electron inertial can be neglected.

Under these assumptions, the field equations are given by:

3N + V.(N V 0 (2.1)
-e-e

-9-



e +V xB - (2.2)
ee N

e
SN1  (2.3)

- + v.(N 0
at jj~

a Ti N e.. E --E- (2.4)
+ Vi) V 1 V Ti- m E

E - -Vq( (2.5)

where Ne, Vet e' mes Te and Ni, Vi, vl, Mi, Ti are respectively, the electron

and ion density, velocity, collision frequency with neutrals, mass and temper-

ature.

Linearizing (2.1)-(2.5) and assuming that the electron fluid is

drifting through the ions with a velocity given by (1.2), one obtains the

following linear dispersion relations for electrostatic waves propagating

perpendicular to the magnetic field:

w - kVd/(l + IF) (2.6)

(w - k 2 )/v (2.7)
v kL I

e

where T - VeV I/efl, L - Ne/N'e with N' e the electron density gradient in the

direction of E, and Cs - ((Te + Ti)/m,) 2 is the ion acoustic velocity.

Directing our attention to the high latitude ionosphere and assuming

that the instabilities are excited at a mean altitude of 110 kin, we would ex-

pect the ionospheric parameters to take on the following
4 a-1 3 8-1 7 -1 2 -1.values: v - 2 x 10 s -  v 10 = 10 s and 1  1.8 x 10 s

e -2eHence, T = 10 and, therefore, one sees from (2.6) that the phase velocity of

the excited modes is determined solely by the electron drift velocity (in the

equatorial electrojet T - 0.2, causing the excited waves to propagate at less

than the electron drift velocity).

- 10 -



If no density gradient is present in the plasma, (2.7) reduces to

the two-stream growth condition in which instability occurs when the electron

drift velocity is in excess of the ion acoustic velocity, whereas, if Vd/Cs <<

iW 2 can be neglected and (2.7) gives the gradient drift condition for

growth. As a typical example of the behavior of (2.7) when both destabilizing

terms are present, we will assume that L = 5 x 103m. Letting 0 be the angle

between k and Vd, we find that (2.7) reduces to

(Vd/Cs) 2COS 2 0 + (0.25 Vd/k2 CS ) cos 0 -I > 0 (2.8)

for instability. If Vd/Cs < 1, waves will only grow because of the gradient

drift term and then only for sufficiently small k. Defining km as the maximum

unstable wavenumber and Xm as the corresponding minimum unstable wavelength,

if Vd/Cs - 1/2 , km (00) = 0.4m-I (xm M 15m) whereas km (600) - 0.25 m- 1 (Xm =

25m). Thus over an arc extending * 600 about the electron drift direction,

the minimum unstable wavelength changes by less than a factor of 2. Beyond t

= 60, the wavelength of the marginally stable mode changes rapidly and at 0 =

90* the plasma should always be stable.

For the case Vd/Cs > I, one finds similar behavior. Here the second

term in (2.8) is generally negligible for k > 1. Unstable modes will

propagate over the arc given by 0 4 cos -1 (Cs/Vd) and, as in the previous

case, unstable modes should never be excited at 0 90%

2.2.2 Shortcomings of Linear Theory

Radar studies of electrojet instabilities, particularly at the

equator (Balsley, 1969; Farley and Balsley, 1973) have provided several

observational features that cannot be explained by linear theory. Most

notable is the presence of unstable modes at 0 - 900 even when Vd << Cs .

Another common observation that cannot be explained by linear theory

is the presence of short wavelength irregularities when Vd/Cs << 1. At the

equator, 3m wavelength irregularities are often observed where theory would

predict the minimum unstable wavelength to be 15m.

Finally, the phase velocity dependence predicted by (2.6) does not

appear to be valid in the equatorial electrojet when Vd/Cs > 1, although it is

- o -



valid when Vd/Cs < 1. Instead one obtains the classic "two-stream" spectrum

in which the returned signal at all 0 appears to be shifted by the ion acous-

tic speed. Similar behavior has been reported at UHF frequencies in the

auroral zone (Tsunoda, 1976; Moorcroft and Tsunoda, 1978); however, high

latitude measurements at VHF frequencies seem to indicate that (2.6) is valid

(Ecklund et al., 1977; Cahill et al., 1978). Presumably the Doppler charac-

teristics of high latitude HF backscatter would be similar to those of VHF

backscatter.

2.2.3 Nonlinear Theory (2-Dimensional Turbulence)

Due to the discrepancies between observations and linear theory,

much effort has been expended in extending the theoretical models to include

effects such as particle kinetics, electromagnetic propagation, refraction of

the unstable modes and non-linear saturation. Many of these mechanisms have

been summarized by Lee et al. (1974) and Farley (1974). Of these, the concept

of two-dimensional turbulence as proposed by Sudan et al. (1973) appears to be

one of the most successful in explaining many of the observations.

Sudan et al. (1973) argue that the linearly unstable modes will grow

to amplitudes of 5%-10% of the background density. At this level the

electrostatic fields and density gradients of the unstable modes (these

quantities are either parallel or antiparallel with the propagation vector of

the linearly unstable wave and 90* out-of-phase with each other) are

sufficient to produce large electron drifts in the * Vd x B directions. The

magnitude of these secondary, wave-induced drift velocities may reach

Vs - Vd Avi/li (2.9)

where A is the fractional amplitude of the primary wave. Sudan et al. (1973)

then demonstrate that the expected secondary drift velocities will easily be

of the same magnitude as Vd. Hence, once the instability begins to grow the

electron drift in the electrojet will change rapidly from laminar flow to two-

dimensional turbulence.

The theoretical construct of Sudan et al. (1973) readily explains

unstable wave propagation at 6 90. Moreover, the turbulence leads to

- 12 -
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cascading of the energy into shorter wavelengths thereby causing short

wavelength irregularities to be excited where they would nct be predicted by

linear theory. This theory does not explain why equatorial two-stream

irregularities always appear to propagate at the ion acoustic velocity;

however, other theoretical work (Rogister, 1971) indicates that this attribute

may have as much to do with the nature of the equatorial electrojet as with

the instability mechanism.

A number of computer codes have been developed to simulate the 2-

dimensional turbulence construct (e.g. McDonald et al., 1974). Although these

codes have not been extended to Vd/Cs > 1, they have demonstrated the essen-

tial validity of the idea. Very recently, Keskinen et al. (1979) have

calculated the Doppler velocity spectrum as a function of angle that would be

observed from a fully turbulent simulation. They found these spectra to be in

very good agreement with type II spectra observed in the equatorial electro-

jet.

Another recent study has been an attempt by Greenwald (1979) to

develop an ad hoc model that might explain the discrepancy between high

latitude VHF and UHF spectral observations. He found that the assumptions of

two-dimensional turbulence and a scattering cross-section that is dependent on

the angle between the radar viewing direction and the local electron drift

direction are sufficient to expl3in many of the results. Specifically, the

model showed that the Doppler width of the backscatter spectrum becomes much

narrower as a radar is directed more parallel to the electron drift direction,

whereas it broadens considerably when a radar is directed transverse to the

drift.

3.0 F-REGION IRREGULARITIES

3.1 Observations

As in the case of E-region irregularities, F-region irregularities

are commonly observed polewards of 60* geomagnetic latitude. Not only are

they observed with ground-based HF radars, typically ionosondes, (see e.g.,

Baggaley, 1970; Bates and Albee, 1970; Basu et al., 1974; Oksman et al., 1979)

but also from spacecraft carrying topside sounders (Hice and Frank, 1966),

- 13 -



Langmuir probes (Dyson, 1969), retarding potential analyzers (McClure and

Hanson, 1973), and electrostatic analyzers (Sagalyn et al., 1974). Typical

results from the satellite observations as reported by Dyson (1969) and

Sagalyn et al. (1974) are shown in Figures 3.1 and 3.2, respectively. It is

seen from these figures that the F-region irregularity zone, often called

FLIZ, encompasses the auroral oval and is approximately coincident with the

high latitude scintillation zone reported by Aarons et al. (1969).

Studies by Whalen and Pike (1973) and Dyson and Winningham (1974)

have indicated that bottomside and topside FLIZ are coincident with F-region

6300 A aurora and 4 300 eV precipitating electrons, respectively. Both of

these observations support the presently accepted idea that these irregu-

larities are produced by structured precipitating electrons. Measurements by

Dyson and Winningham (1974) have also shown that the FLIZ region extends

poleward of the 4 300 eV precipitation zone indicating that the irregu-

larities, once formed, convect with the ionospheric plasma under the impressed

magnetospheric electric field.

It should be stressed that the evidence supporting particle pre-

cipitation as the source of F-region irregularity structures is purely

correlative. It is possible that some phenomena associated with the presence

of 4 300 eV electrons -- e.g., a field-aligned current or a temperature

gradient - may play a more significant role in producing the irregularities

via a plasma instability. This point will be discussed in greater detail in

the discussion of possible mechanisms.

There is some observational evidence that mechanisms other than low

energy particle precipitation may be responsible for some types of auroral

zone F-region irregularities. In a multi-radar study, Oksman et al. (1979)

have observed that one commonly observed type of F-region irregularity lies on

the same flux tube as diffuse radar aurora in the underlying E-region. Radar

aurora is not characteristically associated with auroral precipitation. More-

over, this type of radar aurora lies in regions of downward field-aligned

current (Tsunoda et al., 1976; Greenwald et al., 1980) and latitudinal density

gradient (poleward edge of ionospheric trough). Thus certain conditions

necessary for some types of F-region plasma instabilities are fulfilled.

Our present knowledge of the Doppler spectral properties of high

latitude F-region irregularities is poor, indeed. This situation has arisen
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because VHF and UHF radars cannot achieve orthogonality to the magnetic field

at high latitudes and altitudes, whereas HF radars, which achieve orthog-

onality through refraction, are typically operated as swept-frequency

ionosondes without Doppler capability. Some attempts have been made to study

the spectral characteristics of high latitude irregularities. Often these

studies have resulted in highly aliased spectra and they have not been

reported in the open scientific literature.

It is quite likely that our understanding of the Doppler spectral

characteristics of F-region irregularities will improve greatly over the next

few years. At the present time there is a need to know these spectral prop-

erties in order to improve the operational capabilities of OTH radars.

Moreover, a number of new, highly capable, digital HF sounders have recently

been developed and it is highly likely that they will be utilized, in part,

for F-region irregularity studies.

3.2 Mechanisms for High Latitude F-Region Irregularity Formation

We now consider some of the mechanisms that might be responsible for

the formation of high latitude irregularity formation. It will be noted

whether the mechanism is more likely to be activated in the topside or

bottomside ionosphere.

3.2.1 Production by Precipitating Low Energy Electrons

At wavelengths corresponding to the HF frequency band, direct

formation of electron density irregularities would require structure in the

precipitating electrons on the order of 10 m. It seems likely that these

scale sizes occur in electron precipitation since structure on the order of

100 m or less is commonly seen in association with E-region aurora. Once the

irregularities are formed they begin to decay through diffusion and recombi-

nation. The relatively high diffusion rate along the magnetic field as well

as the field-alignment of the precipitating electrons would rapidly lead to

field-aligned irregularities, whereas the very low F-region cross field

diffusion rate and recombination rate would insure the existence of the

irregularities for an extended period of time.
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Irregularities formed in this manner are similar to density

enhancements associated with barium releases. They, as the barium clouds,

drift with the F-region plasma in an E x B fashion. A radar measuring the

Doppler velocity of these irregularities would observe a component of this

plasma drift as given by (1.1). Any spread in the Doppler spectrum would most

likely result from structure in the magnetospheric electric field mapped into

the field of view of the radar. These structures could be formed in both the

bottomside and topside ionospheres. The decay rate would be greater on the

bottomside due to the higher neutral densities.

3.2.2 F-Region E x B Instability (e.g., Reid, 1967)

This instability occurs where the ambient F-region plasma velocity

is parallel to an electron density gradient. The ionospheric electric field

causes a weak ion-Pederson drift parallel to an equidensity contour. Any

perturbation of this contour will lead to the accumulation of polarization

charges that will cause the perturbation to grow. The linearly unstable modes

are directed transverse to the plasma flow direction and are virtually motion-

less. Backscatter from irregularities produced by the linear state of this

instability would exhibit very low Doppler shifts. The instability would grow

in both the bottomside and topside F-region.

3.2.3 Current Convective Instability (Ossakow and Chaturvedi, 1979)

The current convective instability is a more complicated form of the

F-region E x B instability. In this case, a field-aligned current is also

assumed. Normally, the E x B instability would be stable if the F-region

plasma drift were directed antiparallel to any ambient density gradient.

However, a field-aligned current will destabilize this configuration if

1k-V11 I > Ik. (cEo/Bo)(vi/Oi)l, where V is the field-aligned, relative

electron-ion drift velocity. Again, any perturbation of an equidensity

contour will lead to the buildup of polarization charges and the onset of the

instability. In the linear state, the current convective instability, as the

E x B instability, will propagate with very low phase velocity. The
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instability does not propagate exactly perpendicular to the magnetic field;

however, the deviation from orthogonality is so small as to be virtually

negligible.

Chaturvedi and Ossakow (1979) and Keskinen et al. (1980) have

examined the non-linear state of the current convective instability. They

found that when the linearly unstable modes reach amplitudes of several

percent, the plasma becomes two-dimensionally unstable in the plane perpen-

dicular to the magnetic field. These irregularities are embedded in the F-

region plasma and, hence, have a net flow determined by (1.2).

Studies on the current convective instability have indicated that it

can grow in both the bottomside and topside F-regions.

3.2.4 Ion Acoustic Instability (Kindel and Kennel, 1971)

Ion acoustic waves propagating parallel to the magnetic field are

produced by one of two classes of instabilities described by Kindel and Kennel

(1971). This instability is produced by the relative electron-ion drift

velocity exceeding a value that is critically dependent on the ratio of

Te/Ti.  For Te/Ti = 1, the critical drift velocity is of the order of the

electron thermal velocity, whereas for Te/Ti = 10 the critical velocity is

approximately four times the ion thermal velocity. In both cases, the

marginally unstable waves have a phase velocity of the order of the ion

thermal speed and a wavelength of the order of the Debye length. The latter

quantity would be a few centimeters in the topside F-region. These waves have

not been identified using ground-based radars.

3.2.5 Electrostatic Ion Cyclotron Waves (Kindel and Kennel, 1971)

Electrostatic ion cyclotron waves are relatively long wavelength

waves that propagate nearly perpendicular to the magnetic field. They have

characteristic frequencies at harmonics of the ion cyclotron frequency

modified somewhat by the thermal speeds of the charge species. In a plasma

where the electron and ion temperatures are approximately equal, these waves

become unstable if the relative electron-ion drift velocity parallel to the

magnetic field exceeds thirteen times the ion thermal speed. As for the ion
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acoustic instability, these waves may only be unstable in the topside

ionosphere, typically above 1000 km. The dispersion relaLions indicate that

larger drift velocities are required to excite the harmonics of the ion

gyrofrequency than are required for the fundamental. Also, heavier ion

species are more susceptible to the instability than lighter ions.

The waves do not propagate exactly perpendicular to the magnetic

field. For Te /Ti = 0 the most unstable mode has k±/k = 10, yielding an off-

perpendicular angle of 60. This mode would have a characteristic wavelength

of approximately 3 m. Reed (1979) has reported the possible detection of these

waves with a 50 MHz ground-based radar.

3.2.6 Temperature Gradient Instability (Hudson and Kelley, 1976)

Another proposed instability involving gradients is the temperature

gradient instability. In this case, there must be a gradient in the electron

temperature that is antiparallel to an ambient electron density gradient.

Such a geometry might exist in the ionospheric projection of the plasmapause

at altitudes above 400 km. Here the density gradient would correspond to the

equatorward wall of the mid-latitude ionospheric trough and the thermal

gradient would result from heating by plasma turbulence near the

plasmapause. Hudson and Kelley (1976) have discussed the possible association

of this phenomena with mid-latitude stable red (SAR) arcs. Although this

instability will produce predominantly long wavelength irregularities (several

hundred meters) of very low frequency, the irregular structures, once formed,

may serve to destabilize other shorter wavelength, higher frequency modes.

3.3 Expected Doppler Spectral Characteristics

Due to the scarcity of Doppler spectral data from high latitude F-

region irregularities we can only speculate as to its characteristics.

Clearly there are many possible mechansims for irregularity excitation.

Moreover, many of these modes may feed on one another, i.e., the density

gradients and electric fields produced by one unstable mode may help to excite

another mechanism. This type of behavior has been observed to occur in the

equatorial F-region (see, e.g., Fejer and Kelley, 1980). Given the presence
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of multiple modes, the superposition of different characteristic frequencies

will tend to produce broadened "turbulent" spectra. If any underlying

characteristic velocity remains it will be that of the F-region plasma given

by (1.2).

The width of the Doppler spectra will most likely be determined by

the different characteristic velocities of the irregularities within the radar

field-of-view and by structure in the ambient electric field. Measurements

with OTH radars have shown that this Doppler spread Is often greater than 400

m/s. As an upper bound one might assume that the Doppler spread approaches

that of E-region irregularities (= 1200 m/s).

4.0 DOPPLER SPECTRUM MODELING

4.1 Theoretical Foundation

The previous two sections have presented theoretical and

experimental evidence that high latitude E-region irregularities drift with

the electron gas while F-region irregularities drift with the plasma. Both of

these motions are collisionless convective drifts given by (1.2). Thus,

knowledge of the electrostatic potential function over the high latitude

ionosphere will enable one to determine the convective drift velocity at any

point. Moreover, given the propagation direction of a radar signal located at

any point, one can predict the Doppler velocity that would be observed.

The preceding discussion may be formalized as follows. Let n be a

unit vector in the direction of the radar propagation vector k. Then, the

Doppler velocity V of irregularities moving with the plasma will be

V n.V -nE x B/B2  (4.1)

= x V0(0) B/B 2  (4.2)

0(O,y) is the electrostatic potential distribution assumed to be only a

function of the co-latitude, 0, and the azimuth angle, y. The azimuth angle

increases in a positive sense toward the east.
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Since B is well defined by accurate magnetic field models, the only

unknown quantity in (4.2) is 0 (0,(P). Unfortunately, present knowledge of the

instantaneous global potential distribution north of 600 latitude is still

quite limited. Two reasons for this condition are the difficulty and cost
involved in developing a globally-distributed array of E-field monitors.

Theoretical studies of the high-latitude potential distribution were

begun by Axford and Hines (1961) and have been extended by many others. Not-

able among these are the empirical models developed by Heppner (1977) on the

basis of data from the Ogo 6 satellite and static and dynamic computer models

developed by the Rice Unversity Group under Wolf.

In this report, we consider the Doppler characteristics resulting

from a potential function given by

0 (0, o) - -0oSiinY/0m , 0 < 0m  (4.3)

00-(P) = -. 0 exp{-a(0-6)2 }sin , 0' ' (4.4)

where 0 (Ya cos and 0 is one-half of. the cross-polar-cap

potential drop. The assumed potential distribution is similar to distri-

butions obtained by Axford and Hines (1961) and by Heppner (1977, Model A)

among others. It yields a nearly uniform dawn-dusk electric field across the

polar cap and predominantly northward and southward electric fields in the

dusk and dawn sectors of the northern hemisphere auroral zone, respectively.

The quantity Om(y0) is the co-latitude at which the magnitude of the elec-

trostatic potential maximizes for each ,--1/2 is the arc over which the

auroral zone potential decreases by e-1,O is the average co-latitude of the

potential maximum and B is the angle over which the entire pattern is shifted

in an antisunward direction. The last quantity causes the convection pattern

to move to higher latitudes on the dayside and lower latitudes at night in a

manner similar to the displacement of the auroral oval. Figure 4.1 displays

the potential contours associated with the assumed pattern.

The electric fields associated with the assumed 0(O,9)are

for 0 < 0
m
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0a(ecp) L * sinqo/Roe (4.5)
0 ao 0 Oomo 0 0I

E 0 (0C) 0 2 2 (4.6)RE inO (GCOSP/Om - Bsin WP/e
R0 sn ayR0 sn

and for O > 0
m

EO = _2 a(O0m)OoeXp{_a(OOm ) 2 } sincp/R (4.7)

E CP= o exp{-a(0-0 )2 {cos(p + 2a0(0-0 )sin2qP/R sinO (4.8)
0P m m 0

where Ro = 6.377 x 106m is the radius of the Earth.

Finally, the Doppler velocity as a function of local time that is

observed at any given co-latitude (0 ) and viewing direction ((p) relative to

geomagnetic north is given by

V(t) = (sin y E (Got) - cos y E P(Oot))/Bo (4.9)

where the local time t = (y + 180)/15. In (4.9), E8 and E are positive in

the northward and eastward directions, respectively.

The Doppler width of signals scattered from ionospheric irregu-

larities has been modeled from the work of Greenwald (1979). In that work,

Greenwald presented curves of the Doppler width variation with viewing

direction relative to the electron drift direction. Approximating these

curves with the function

f(S) = exp{-n(V/Vd)2  (4.10)

where 6 - cos-l(V/Vd) and r - 2, one obtains an expected Doppler width given

by

AV - V df(a) (4.11)

Although this result only applies to E-region irregularities, in the absence

of knowledge to the contrary we will assume that it is also valid for F-region

irregdlarities.
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4.2 Results

Several typical examples of the Doppler characteristics associated

with irregularities produced in the potential distrl'ution given by Figure

4.1, are shown in Figures 4.2-4.4. For these results it has been assumed that

the cross-polar-cap potential drop is 50 kV, &-1/2 . 50, e1= 20, and 0 =

500. Higher cross-polar-cap potential drops would yield proportionately higher

values for both the Doppler velocity and Doppler width.

In Figure 4.2, the measurement latitude is 600 and the viewing di-

rection is also 600. This configuration is similar to that which one might

have from a facility in the northeastern U. S. Such a radar would observe

receding Doppler velocities in excess of 250 m/s in the early morning hours

(02-04 local time) and approaching Doppler velocities of the same magnitude in

the late evening (20-22 local time). The associated Doppler widths are

typically less than 100 m/s. Since the Doppler velocities and widths are both

quite low, it is likely that instabilities such as the E-region streaming

instabilities will only be excited near 0300 and 2100 local time.

Figure 4.3 represents a configuration in which the measurement

latitude is 650 and the viewing angle is 30. This is another example of

parameters that might be utilized in the northeastern U. S. Here the morning

Doppler velocity maximizes between 0400 and 0700 local time with a receding

velocity approaching 500 m/s and the evening maximum occurs near 2000 local

time with an approaching velocity of 250 m/s. The Doppler width in the

morning reaches 300 m/s, whereas in the evening it is in excess of 600 m/s.

Near midnight, if the instabilities are excited, they will exhibit narrow,

approaching Doppler spectra. The only time that E-region instabilities

definitely will not be excited is near local noon. It is to be noted that

these Doppler characteristics compare favorably with observations.

Another example that compares favorably with observation is shown in

Figure 4.4. Here the measurement latitude is 650 and the viewing angle is

0. Except for a few hours about local noon, E-region irregularities might be
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observed over most of the day. At dawn and dusk, the Doppler width is signif-

icantly greater than the Doppler shift reaching values of nearly 750 m/s.

Near midnight, if the instabilities are excited, they will exhibit narrow

Doppler spectra with shifts in excess of 200 m/s.

Figure 4.4 may be compared directly with the observations of

Haldoupis and Sofko (1976) shown in Figure 4.5. Their observations were made

with a bistatic CW radar directed approximately 40 west of geomagnetic

north. One can see that near midnight, they observed approaching irregu-

larities for which the spectra were relatively narrow with mean Doppler shifts

of 100 Hz (360 m/s). Several hours after midnight the irregularities were

receding at approximately 100 m/s and had a Doppler velocity spread of several

hundred meters per second. The observed behavior is in generally good agree-

ment with the model. Although the magnitudes of the Doppler shifts and widths

are not in precise agreement, the character and general time variability agree

quite well.

Appendix A exhibits local time plots of the predicted Doppler

velocity and Doppler width for three different latitudes of the average

potential maximum (650, 700, 750), three different viewing latitudes (55,

60, 65*) and five different viewing angles (-60, -30, 0, 30, 600). The

cases of the average potential maximum at 65, 70, and 75a may be associated

with disturbed, normal, and quiet conditions, respectively. For quiet

conditions, one would only expect to observe E-region backscatter at latitudes

in excess of 65, whereas for disturbed cases, one might observe

irregularities to latitudes of 550 geomagnetic.

Appendix B exhibits local time plots of the Doppler velocity and

width for the potential distribution shown in Figure 4.6. This distribution

which concentrates the potential variation in the vicinity of the auroral oval

leads to differing Doppler characteristics when the viewing latitude is in

excess of the latitude at which the magnitude of the potential maximizes.

4.3 Discussion

The Doppler plots in Appendices A and B indicate the variety of

spectral characteristics that one may observe in association with ionospheric

irrefularities in the course of a day. If these measurements were made with a
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radar operating at 10 MHz, then, at times, the frequency shifts and widths of

the backscatter spectra would exceed 50 Hz. Even larger values are to be

expected if the cross-polar-cap potential exceeds 50,000 V, as is often the

case, or if the gradients in the potential are steeper than those in the

assumed model.

The Doppler plots are only estimates of Doppler characteristics that

might be observed at any given time. Not only is it likely that the instan-

taneous potential distribution is more complicated than either Figures 4.1 or

4.6, but this pattern may change on an hourly time scale. In addition, the

cross-polar-cap potential may change by factors approaching two on hourly time

scales. In order to improve the predictability of the model, research is

necessary that will yield additional information on 1) the instantaneous

structure of the high latitude potential distribution, 2) the variability of

this pattern during periods of magnetic disturbance, and 3) the variability of

the cross-polar-cap potential and techniques to monitor this quantity.

Knowledge of the probable Doppler characteristics is of some aid in

determining periods when an OTH radar might be severely disturbed by clutter

from ionospheric irregularities. For example, given that the radar is uti-

lized for the detection of incoming aircraft, it would be most affected by

irregularity spectra with positive Doppler displacements. A radar directed

toward the northeast would observe such irregularity spectra during the

afternoon and evening hours. During the post-midnight hours the irregu-

larities would be receding and, hence, less of a source of clutter.

Fortunately, separation of the dominant frequency components in

target and irregularity spectra is only one method to reduce or eliminate the

problem of irregularity clutter. An alternative approach involves the utili-

zation of the different decorrelation times of backscattered signals from

targets (aircraft) and clutter. To our knowledge this approach has not been

utilized in OTH radars. It will be discussed in the next section.

5.0 REMOVAL OF SPREAD SPECTRA

If one compares the Doppler spread of spectra from ionospheric

irregularities and aircraft, one notes an important difference. The Doppler

widths ot irregularity spectra typically range from 50-750 m/s in the regions
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where instabilities are excited. A typical width is likely to be 300 m/s

which, at a radar frequency of 10 MHz, corresponds to a frequency spread of 20

Hz. In contrast, backscatter spectra from aircraft are much narrower. The

dominant contribution to their broadening is most likely the fluctuations in

the propagation path of the radar signal. Measurements with ionosondes

indicate that the broadening due to these fluctuations is typically less than

1 Hz.

Let us now consider the complex demodulated signal at the output of

a radar receiver. The transmitted signal may have been pulsed, phase-encoded,

or frequency encoded and the backscattered signal is assumed to have been

treated with the appropriate matched filter. Thus the decoded signal

corresponding to range R will be assumed to have a frequency spectrum given by

S(R,w) = A1 expf-(w-w1 ) 2/2  2 } + Aexp{-(w-2 /2a22 (5.1)

Here, the noise is assumed to be white and has zero decorrelation time. A1

and A2 represent the fractional amplitudes of the signals due to ionospheric

clutter and target backscatter respectively. The quantities wI and w 2 are the

Doppler shifts of these signals and 01 and 02 are their respective spectral

half widths. In general, we will assume A, > A2 , o >> 02, and

allow w and w2 to be arbitrary. The Doppler shifts may even have the same

value.

The autocorrelation function associated with S(Rw) is given by

p (R,T) = 2 S(R,w)ei dT (5.2)

I (A e WlTe -a1 T2/2 + A 2e 2Te -02 2 2/2) (5.3)

p(R,r) may also be written as

p (R,T) - f* x (t) x *(t + T)dt

where X(t) is the complex demodulated signal associated with range R at the

output of the receiver.
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In order to illustrate a typical case we present in Figures 5.1-5.3

the spectrum and autocorrelation functions for the parameters

aI/n = I0 H , a2/if - I Hz, w/2w - 10 H, w2/2w - 5 Hz, A1 I 0.99 and A2 - 0.01.

In this example, the integrated spectral power due to the irregularities is

approximately 20 dB greater than that due to the target. Nevertheless

for T > n/aP the autocorrelation function is due predominantly to the target

signal even though it originally was the minor spectral component.

Given p(R,t), one can recover the spectrum (R,w) via the inverse

Fourier transform,

S(R,w) - f- P(RT)e- dt (5.4)

Now let us consider the spectrum S'(R,w) due to a limited portion of the

autocorrelation function

S'(R,w) - fTA T p(R,r)e -iWT dt (5.5)

Using (5.3) and reversing the order of integration, S'(R,W) may be rewritten

as

S-(R,w) = Jdt T+AT X(t)X*(t+r)e - iw dT (5.6)

If we define

X*(t + T) - f B*(w")e' (t+c)dw (5.7)

and substitute this expression into (5.6), we can perform the integration

over T yielding

I T+tAT ei(W-W)T 1 e i(w"-W)Tsin(w"-w)AT (5.8)
2w' "T-AT it (W"-W

e i (w"-w)T8 (W

T+0
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Performing the remaining integrations, one obtains

S'(R,w) = f dt e - WT X(t)fdw"B*(w")e "(t+T) (W"-W) (5.9)

= B*(w) f dt eit X(t)
= A (w) B* (w)

Thus the power spectrum associated with a limited portion of the

autocorrelation function may be viewed as the cross spectrum of the Fourier

components associated with two time-lagged data sets.

The preceding result may be expressed explicitly in terms of

discretely-sampled data. Let:

- I 0 X(j, i)W(j)exp(-2rijn/N) (5.10)

B(n,ji) X(j+C,U)W(J)exp(-2wijn/N) (5.11)

where X(j,p) is the complex demodulated output of the receiver, W(J) is a data

window (Blackman and Tukey, 1959), and A(n,j) and B(n,p) are the Fourier

coefficients associated with the jith windowed data sets. Assuming that the

receiver output is sampled at a rate equal to 1/fs, each data set to be

transformed is obtained over a time

AT - N/2f (5.12)s

and the lag between data sets used in the cross spectral determination is

T - C/fs  (5.13)

The cross spectral estimator is then given by

P (n) - A(n,u)B*(n,p) (5.14)

c
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Note that this quantity is quite different from the power spectrum at the

receiver output which would be given by

Px(n) - A(n,p)A*(n,p) (5.15)

and it can be easily shown (e.g. Calvert et al., 1971) that under relatively

modest restrictions both of these quantities are unbiased estimators of

S'(R,w) and S(R,W), respectively.

Since the receiver output may be thought of as a Gaussian random

variable, the spectral estimators will be statistically scattered about

S'(R,w) and S(Rw). The degree of scatter may be defined in terms of the

standard deviation of an M spectra average. Calvert et al. (1971) have shown

that this quantity may be approximated by

a(n,M) S(R,w n)/VM (5.16)

In cases where the ionospheric clutter signal within the desired frequency

band is 10 dB stronger than the target signal, 100 spectra must be averaged in

order to reduce the statistical uncertainty in the cross spectral estimator to

a point where the target signal can be identified. If the clutter signal is

also spread over 10-20 times the bandwidth of the target signal, the signal-

to-noise improvement afforded by the proposed technique would be 20-23 dB.
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Substitution of (5.2) into (5.5) yields a theoretically predicted

cross spectrum given by

S'(Rw) 1 [A 2exp{(_w 2 /2a 2

(Erf (a (T+AT)/V2 - i(w- 1)//2oi) -

Erf(o (T-AT)/2-i(w-wi )// 2a)}

22 2
+ A2 exp{-(ww 2 )2/2021

(Erf (o2(T+AT)/U2 -i(w-w 2 )//20 2) -

Erf( 2 (T-AT)/V2-i(W-W2 )//22 ) M (5.17)

where Erf is the error function of complex argument.

Instead of evaluating (5.17) we have chosen to obtain S'(R,w) by

transforming (5.5) with the Fast Fourier Transform. To accomplish this we

have selected times T o in Figures 5.2 and 5.3 which have the following

property. Namely, at these times the autocorrelation function for T > T may

be translated to r - 0 and, if p(R, t) were folded about T - 0 , then p(R,T)
p*(R,-T). This is a standard property of autocorrelation functions and it

is valid for p(R,O) without translation. The translation is equivalent to

setting T - 0 in (5.5). The folded autocorrelation function was sampled from

-AT to AT and transformed with a 128-point transform. Figure 5.4 shows the

resulting relative spectral power profiles for T = 0, 0.2, and 0.8 seconds.

The spectrum labelled T - 0 is a Fourier transform of the full autocor-

relation function out to 0.5 s. One can see that it is quite similar to the
spectrum given in (5.1) The middle spectrum in the figure corresponds to a

lag of 0.2 s. By this time the wide spectral component has decorrelated and

one has only a readily-definable narrow spectral component remaining.

Finally, the bottom spectrum is associated with a lag of 0.8 s. In this case

the narrow spectral component is also beginning to decorrelate.
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The previous example illustrates the usefulness of cross spectral

analysis in the elimination of undesired broad bandwidth clutter spectra. If

this approach'is not already used in OTH radar systems, it is one that should

be examined on a high priority basis. Quite possibly the procedures described

in this report may be tested on existing data tapes from experimental

Ava/Verona radar.

6.0 SUMMARY OF RESULTS

The principal results and conclusions obtained in this report may be

summarized as follows.

E-Region Irregularities: E-Region irregularities result from the

combined effects of the two-stream and gradient-drift plasma instabilities.

They are two-dimensionally turbulent and, hence, may be observed in any

direction in the plane perpendicular to the Earth's magnetic field. At

wavelengths observed with HF and VHF radars, their Doppler velocity is

determined by the electron drift velocity (E x B/B 2 ) along the radar line-of-

sight. The width of the Doppler spectrum is determined by the width of the

velocity turbulence and may be in excess of 75 Hz for a 10 MHz radar.

F-Region Irregularities: At the present time neither the mechanism

of formation nor the Doppler characteristics of F-region irregularities are

well understood. This situation may improve in the coming years due to the

recent development of a large number of HF Doppler sounders. The weight of

current opinion supports irregularity formation by precipitating low energy

electrons. Some evidence indicates that the irregularities move at the F-

region plasma velocity (E x B/B2 ) . Previous studies have also yielded many

unresolved spectra indicating that the Doppler width of F-region spectra may

be as broad as those from the E-Region.

Doppler Spectrum Modeling: By assuming a reasonable model for the

high latitude potential distribution and a relation for spectral width as a

function of viewing direction and Doppler velocity, it has been possible to

predict the diurnal behavior of the Doppler shift and width of backscatter

spectra. The model indicates that for modest cross-polar-cap potential drops

of 50,000 V, the Doppler shift for a 10 MHz radar may lie anywhere in the band
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*50 Hz and the Doppler width may exceed 50 Hz. The model is particularly

sensitive to the latitude at which the magnitude of the polar cap potential

maximizes. Should the convection oval expand so that the potential maximum

moves equatorward of the viewing region, the sign of the Doppler velocity

would reverse. At the present time our knowledge of the instantaneous

structure of the high latitude convection pattern and its dynamics are far

from complete. Improvements are necessary to refine the predictability of the

Doppler model presented.

Removal of Spread Spectra: Since undesirable clutter signals are

typically spread over an appreciable bandwidth, whereas aircraft spectra are

reasonably discrete, it is theoretically possible to remove the former without

disturbing the latter. This may be accomplished by taking the cross spectrum

of two lagged time series sampled at the complex demodulated outputs of the

radar receivers. If the lag time is greater than the inverse spectral width

of the clutter spectrum, only the desired aircraft spectrum will remain

coherent. Calculations indicate that improvements of 20-23 dB in the signal-

to-clutter ratio may be achieved in reasonable integration times.

7.0 RECOMMENDATIONS

on the basis of the preceding review of sources of ionospheric

clutter and the associated effects on backscatter radar spectra, several

recommendations can be made. Most importantly, additional research should be

directed toward studying the usefulness of time-lagged cross spectra as a

clutter reduction technique. This research may be initiated in a rather

modest fashion through cross spectral analysis of data tapes from the

experimental Ava/Verona radar. We propose performing the appropriate analysis

during the coming year of this contract.

A more ambitious program should include the design and development

of an on-line hardware cross-spectral analyzer that would filter out wide-

bandwidth clutter spectra in an optimal fashion. The development of a

prototype, operational analyzer could be performed by JHU/APL; however, it is

not within the present funding level. Additional funding would be necessary

for engineering and technical services.
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The applicability of the cross spectral approach is limited by two

sources or errors: 1) ionospheric clutter echoes with discrete spectra, and

2) rapid changes in the phase paths of signals scattered from aircraft. Both

of these sources of error may be better understood through additional

scientific research. In particular, more study is necessary into the spectral

characteristics of ionospheric echoes, particularly those associated with the

F-region. Also investigations are needed to determine whether disturbed

ionospheric conditions lead to broadening of aircraft spectra.

Finally, in order to improve the quality of the Doppler models

presented in this report, studies leading to a better understanding of the

global structure of the high latitude potential distribution and its dynamics

should be supported.
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FIGURE CAPTIONS

FIGURE 2.1 World map indicating regions where E-region irregularities are

commonly observed.

FIGURE 3.1 Polar plot indicating equatorward and poleward boundaries of F-

region fine structures as measured with an in situ Langmuir probe

(from Dyson, 1969).

FIGURE 3.2 Polar plot indicating equatorward boundaries of the small scale

irregularity zone as measured with an electrostatic analyzer on

ISIS 1, the scintillation zone, the ionospheric electron trough,

and the Langmuir probe irregularity zone (from Sagalyn et al.,

1974).

FIGURE 4.1 High latitude electrostatic potential distribution associated with

Equations (4.3) and (4.4) (01 = 200).

FIGURE 4.2 Predicted line-of-sight Doppler velocity and Doppler width of

ionospheric irregularities observed at 60* geomagnetic latitude

and 600 azimuth angle.

FIGURE 4.3 Predicted line-of-sight Doppler velocity and Doppler width of

ionospheric irregularities observed at 650 geomagnetic latitude

and 300 azimuth angle.

FIGURE 4.4 Predicted line-of-sight Doppler velocity and Doppler width of

ionospheric irregularities observed at 65* geomagnetic latitude

and 0* azimuth angle.

FIGURE 4.5 Diurnal variation of the line-of-sight Doppler velocity observed

with a 42 MHz radar directed approximately northward from Sas-

katoon, Saskatchewan (120 Hz shift is approximately 430 M/S).

FIGURE 4.6 High latitude electrostatic potential distribution for which most

of the potential variation is confined to the auroral region.
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FIGURE 5.1 Hypothetical backscatter spectrum comprised of irregularity

backscatter (major peak) and a target (small spike).

FIGURE 5.2 Autocorrelation function of the spectrum in Figure 10 out to a lag

of 0.1 seconds.

FIGURE 5.3 Autocorrelation function of the spectrum in Figure 10 for lags

ranging from 0.1 to 0.6 seconds.

FIGURE 5.4 Cross-spectra obtained by eliminating the first To seconds from

the autocerrelation functions in Figures 11 and 12 and Fourier

transforming. The dominant peak in the middle cross spectrum (To

- 0.2 s) corresponds to the target signal; the irregularity

backscatter has been virtually eliminated.
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APPENDIX A

DOPPLER VELOCITY AND WIDTH PLOTS

FOR POTENTIAL DISTRIBUTION SHOWN IN FIGURE 4.1
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